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SUMMARY

"Resarve" strength properties are characteristic of many soft
clays which are normally consolidated from a geological point

| of view. The phencmenon has been assuvmed to result from creep
processes in the course of secondary consolidaticn.

: If the strengthening processes associated with creep are

“ responsible for the "reserve" strength, they should result in

l a successive shift of the energy barriers to interparticle slip
; tc higher values and this was ;nvestigated in the present study.
'
!

; Samples of natural,undisturbed as well as artificially

: produced clays were consolidated under a pressure correspcoiad-
ing to the double consolidation pressure and were then leit
to rest under a reduced pressure and dGrained conditions.
hfter various periodes of rest, the samples were sheared under
undrained conditions and it was observed that the strain at
failure decreascd and that the shear modulus increased with
the time lapsed. This can be explained in terms of a s3hift

of the energy spectrum to higher barrier values, tha most
prolable physical equivalent being an improved number and
strength of re-~formed particle bonds, primarily of the clay/
water-complex type.
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INTRODUCTION v ]

It is of great practical significance that organic-poor 1
natural clayv, which is normally consolidated from a geolo- |
gical point of view, cften exhibits "reserve" strength '
properties, while a sample Y the same clay consolidzted
under an increased pressure in the labhoratory does not have
this property (Fig. 1). According to BERRE & BJERKUM, 1973,
the reserve strength, which is also manifested by brittle
&
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Fig. 1. "Reserve" strength of sample consolidated under

in-situ stress conditions (py and Kops, curves A)
in comparison with sample consolidated under in-
creased pressure (2.5 Py and 2.5 Kgpg, curves B).
(After BERRE & BJERRUM) .
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behavior similar to that of cemented clays, is caused by a
crecy of the clay particles into stable positions in the
course of the secondary consclidation in nefture. The observed
effect is akin to the streng:thening micrcstructural processes
which yield reterdation of the crcep in shear at low and
moderate deviator ct.esses. Creep theory will therefore be
used as a basis of this study.

L4

THE MINERAL/WATTR/ELECTROLYTE SYSTEM

The physical state of the pore water

Erergy 1s released in the course of the adsorgtior of the
first 1-3 layers of water molecules onto surfaces cf cdry clay
particle. This is partly duc to the hydration of exchangeable
cations but also of the surfuces cf minerals. The exchangeable
ions seem to hvdrate without appreciable dissociation (LOW &
MARGHFIM, 1979), and it is therefore reasonable to believe
that the first few layers of moleculss are firmly bound to
clay minerals.

Substantial evidence has in fact accumulated pointing to a I
very strong fixation of the first molecule layers and this
affects intervmarticle and intralamellar spacings. The
writer's current study of the swelling pressure of Na hento-
nites shows that maximum net repulsion and ron-reversibility
do not appear even at an average intralamellar distance of
about 10 A, such as has also been suggested as the approximate
decay length for az presumably "steric" stabilizing water
structure on mica surfaces (DERJAGUIN & CHURAEV, 1974)
ISRALLACHVILI & ADRAMS, 1978). Recent studies of proton re-
laxacion of water adsorbed on silica glass surfaces (ALMAGOR

& BELFORT, 1978) and exverimcntal determination of the amount
cf nonfrozen water in frozen illitic clays (PUSCH, 1979Y)
support the view that cne or a few water molecule layers are
firmly adsorbed on most silica mineral surfaces. 1

The Jdegree of structural order of such "vicinal" water does
not necessarily have to be high, as DROST-HANSEN (19%969) has
pointed out. His water model consists of three zones with
different structural and electrical properties (Fig. 2). Zone
A comprises densely spaced, "fixed" water mclecules. The
internediate B-zone, is characterized by a very low degree

of ordering and by low viscosity; zone C ccnsists of normally
structured, "free" water.
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combined with electrical double-layers.

Studies of the nuclear relaxation preperties
illitic clays have disclosea short spin-spin
times which, in fact, suggyestse a high proton
thus scme degree of structural order (PUSCH,
results of the silica glaass surlace study by
BELFORT show that this order occurs

Particle interfaces

in the vicinal

of water in
ccherence
mobility and
1970). The
ALMAGOR &
water.

There are several indications that the interparticle dis-

tances are comparatively small in natural illitic sediments;

consolidation, resulting from the overburden
implies such a close approach of load-tr
Thus, the energy required to expell the last
water when paralilell clay plates are pressed
be considerablie. In fact,

L4
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in nature,

ansferring particlces.

few layers of

together should
the pressure reguired to rermove
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one monomolecular layver mavy be as much as 4-105 kPa (40C0 atm)
according to van OLPHEN, 1967. Although grain pressurcs may
become very high it is unlikely that parallell plcates get
forced together to form mineral/mineral contacts at shallow
and moderate depths- in nature. Instecad, with such associatiors,
the interparticle distance will be adjusted =0 as to comply
with an eqguilibrium between interparticle attraction from tne
hydration energy at small interparticle distance or by eitec-
trical double-layers at larger distances, on the other hand.
At effective stresses lower than 100 kPa the average equili-
brium interparticle distance between well oriented clay plates
in illite clay is at least 506-75 A.

A clcse approach between particles, which may even result in
mineral/mineral contacts, is most readilv established with
particles arranged edge-tc-edce and, possibly, edge-to-face,
for edges are the least hydropnilic sites and &lzo kecause
grain pressures may than be exceptionally high. &A1l three
modes of particle associacion are theoretically possible
because of the large variety of bkonding mechanicms. Studies of
the microfabric (PUSCH, 197C) have shown that the doninant
association types within particle aggregates are in fact edge-
to-face and edge-to-edge arrangoments (Fig. 3). The spatiaily
varying grain pressure and attraction/repulsion forces balance,
as well as the variation cf the orientaticn of adjacent par-
ticles, imply a spectrum of interparticle discances {(Fig. 4)
and therefore also of the strength and local strains of
particle bonds.

t 1um

Fig. 3. Transmission electron micrographs showing edge
couplings are seen in all the micrographs (PUSCH,
1970). The central part of c¢) shows an edge-to-face
contact as well,.
+
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Mineral/water lattices in montmorillonite
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Clay mizrostructure

In recent years it has become generally accepted that natural,
sofi, illitic clays censist of more or less ranrdonrly arranged
groups of particles-rather then of single minerals as nreposed
in early concepts of clay fabric (Figs. 5 and 6). Thcre is
extensive evidence that face-to--face grouped particiles
-"domains"~- are formed by local coverstressing as illustrated
in Figs. 7 and 8, wihile the major featurc of unlisturbed,
soft, illitic clav usually is fhat of dense agygregates
(crumbe), either supporting each other or bheing conaecied by
links or bridges of small particles (ZOWLES ot al. 1969, PUSCH,
1970, BENNET et al. 1977). Such local overstressing resuirts
from shearing as well as from ccnsolidation. The process cof
domain formaticn is fundamental in the evoluticn of the creep
and in shear failure (PUSCH, 1980).

Particle displacement reqguires that interatomic or intermole-
cular forces be covercome. Domains arce crobably Iormed by
simul*tan=zous rupture of several bonds, and macroscopic shear
failure must involve rupturc or slipping of all bonds alcng
the shear plane. Creep at low cr intermediate stresses, on
the other hand, may result largely from disnlacecnents duc to
inrdividval atcmic "iumps" or multi-bond siip.

v

o[t

e b G YALA L ee e e s e a6t R PR

Fig. 5. Aggregation of illitic clay. The picture shows elec-
tron micrograpn c¢f a clay/water gel. The gel was
isolataed from the vacuum of the high voltage micro-
scope by a closed cell (PUSCH, 1?76).
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Fig. 6. Typical pattern of linked aggregates in illitic
clay. Micrographs of ultra-thin sections of acrvlate-
treated cpecimens.

Simultaneous rupture of patches of ILi-bonds is likely in aged
vicinal water, as it is probably crdered. The degree oI oracy
is assumed to rise with time following mechanical distirinanc:,
as is indicated by the time-dependent changes of tie (oroton)
spin-spin coherence time (JACOBSSOW & PUSCH, 1972j.

The atomic or meclecular bond strength in mineral/minerail
contactz may well be of the corder of that of primary vaience
bonds, i.e. approximately 1-2 ev. The displacecment of &
contact of this tyvne is likely to involve simultanecus rupture
of a number of such bonds and it therefore represents strong
particle ccuriing. Alditionally, one has the hydrogen bonding
of the firmly held water ceollar surrounding the mineval
contact. f-bonds are of the order of 0.1-1.0 eV and, as in
aged contacts, a displacomont probably involves simultaneous
rupture of several bonds, the vicinal water can be assumed

to contrihute to the interparticle adhesion.

Where particles are scparated by water at the points of
contact, the strength is lower. Aged contacts with a one-
water-molecule "lattice" interlayer may siuill be fairly

e an
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DOMAIN

Fig. 7. Formation of domains (b) by local overstressing
of initialiy undisturbed network (a).

strong, but with three or more interlayers there is a large
drop in strength. In freshly formed contacts of the face-
to-face type, i.e. in young domains, individual shear "jumps"
formed by rupture and refcrmetion of H-bonds arz enpected

to occur with a relatively low activation energy. If DRGST-
HANSEN's model is valid, slip will take place easily if the

Py

interparticle distance exceeds about 25 A.

Where cementation has taken place, the coupling between

adjacent particles is, of course, very.strong. There are

reasons to believe, howcver, that also in virtually non-

cemented clays the solubility of minerals pressed together
ry

A}
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Silurian clay. Rigut picture: Domain formation in
very soft. Quaternary clay.

or simply exposed to the pore fluid mey lead to local super-
saturation,and thus to deposition of S$i07 on non-stressed
crystal faces. The solubility is low at low grain pressures,
but it rises rapidly at higher pressures. Thus, when the grain
pressure is increased from 1 MPa (10 atm) to 100 MPa the
solubility increases by a factor of more than 104, such re-
inforcement of edge—-to-=2dge and edge-to-face contacts may
contribute somewhat to the particle coupling, and could be
important in clay sediments at fairly large depths.
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CREEP EVOLUTION

Phencmenoliogy

The preferred types of association obscrved in major struc- ;
tural units in natural, scft, illitic clays, i.e. the aggre-
gates and linking particle groups, point to close and strong
contacts. When local overstressing occurs, a fracticen of the
atomic bonds are broken and some ccintacts are interrupted.
This facilitates particle displacenents leading tc the
formation of face-to-face-grouped particles, i.e. to domains.
The interparticle distances are adjusted to attain eguilipria
of force, winich results in larger average distances than in
the former intra-aggregate contacts. A certain net gain in
strength may arise from the successive formation of inter-
cornecting layers of adsorbec water; however, aged dGomains
romain the weakest structural mewebers in the clayv. It is
therefore reascnable to assume that, under the action of an
exterral stress, further movement in the clav networx takes
place mainly in these units, and in the course of formation
of additional domains. These units will therefore be con-
siderad here as main sources of slip in the evolution of
creep: their deformation and displacements appear to result
from the breaking ana reforming of hydrogen bhonds.

L aee AR T

The relative weakness of the domains facilitates a rapid
"initial" deformation cn applying an external load. Several
mechanisms combine, however, to reduce this high ctrain rate
progressively. TFirstlyv, deformation of the domains will
induco local displacements such that stronger units will
make contsct and help to strengthen the structure. Secondly,
the displacements may lead to the formation of new domains
from bridging links which have become overstressed. If the
stress level is sufficiently high, such structural damaqge
will accumulate, and bulk failure will eventually take place.
Below 1 critical stress level, two healing processes take
place which oppose the weakening and retavd the strain rate.
Thev are connected with the strain-induced interacticn of
adjacent aggregates and involve microu-dilatancy and mechani-
cal interlocking, as well as reformation of water "lattices”
and establishment of new, interlinking particle groups.

These processes take place when the relative movement of
close aggregates has ceased, either because of interlocking
or because they are temporarily not subjected to strain-
inducing local stresses. The net effect of these "thixo-
tropic" processes is probably dependent on the average strain
rate. An indication of the correlated strenagthening and
weakening can be obtained from the sequences shown in i
Fig. 9. ;
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Stress,/strain model

In formulating a realistic descriptiocn of a general
physical stress/strain nodel, it is < f importance to
consider the heterogereity in stivess and structure on
the micro-scale, because it results in a distribhution
of heights of the ¢nerqgy barriors to slip. The energy
spectrum will vary in the course of strain in shear anad
consolidation. Some harriers mey beccme cnhanced due,
for erxample, to a docrease in local stress fielcds.
Others, latent at first, may be rendered "operative®
through the converse process. An appropriate model

must thereforc take inte account not only the existence
of a distribution of euncrgy harriers, but also its
change with time ia the course of the evolutionary
processes,

Specifically, the following fcatures are included in
the model:

1. The clay is fegarded as a heterogencous system,
comprising dense, strong, structural elements
{aggregates and silt particles) conncected by links .
of various strzngth, i.e. potential siip units ;
(domains) with a dispersion of resistance to
deformation.

2. The application of a shear stress, or an oedometer
load step, producas & certain number of slip units.
Their movements and the displacements and deforma-
tions of secondarily iormed slip units make the
main contribution to the overall observed strain.
The slip, which has the character of activated
atomic or nmclecular jumps, can be visuslized as
resulting in the form of shiftings of individual
atoms or molecules as well as of patches of such
units. The shiftings are considered as thermally
assisted passages over energy barriers driven by
the exteinal stress.

3. The slip process lcads to an interaction between
bigger and stronger structural elements which

i results in local stress relaxation and in an in-
crease in the heights of the energy barriers for

1 subseguent activated jumps. It is thus a "hardening"

process.
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The general features cf a stochastic model
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New links and particle bonds formed in course ol
the strain will alsc tend to strengthen the structure.

Regional redistribution of stresses faciiitated by
slip produces local stress concentratiors. It will
assist slip decreasing the heights cf zome energy
barriers, and is thus a "softening” process.

In drained creep tests, of which the oedometer test
may serve as an examplce, the successive approach of
neighbouring aggregates or larger particles of

course ccntributes to the chifl of ths energy baririer
spectrum to higher values.

vhich

1]
corresponds recasonakbly well tc the physical protctvpe

are:

1.

There is a spectrum of parrier heights for slip in
the material (Fig. 10). Tie shape of the distribution
curve reflects the microstructural hetercgenexily and
types of dominant honds at different times afier a
stress change.

Each element of clay contains a certain rumber,
n{u,t), of slip units in anv given irterval of the
activation energy range.

In the coursec of slow strain the low energy barriers
are triggered early, while higher ones are activated
later. Also, new slip units are formed ot the lower
end of the enexrgy spectrum.

The model allows both for slip which, when it takes
place, takes a giveu slip unit up against a barrier
by an amount either ¢u higher than the previous one,
or lower by the same amount.

Fig. 10, Activation energy
spectrum at a
given time t after
the cnset of creep.

ug U, u
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Mathematical form

The derivation of a mathematical model for a particular
case, which is also of interest in this context, bas
been outlined previocusly (PUSCH and FELTHAM, 1980), s
only the basic steps are brieifly recapitulatea here,

At any given tcmperature only a limited energy spec-
rum uq €4 gup will be of significance in the detecrmi-
naticn of strain and strain ratc. The number of poten-
tial slip units pecr unit volume hcld up at barriers of
height u, is then n{u,t) éu rer enerov unit, where t is
time after the onset of creep, and {u one of the enecrygy
intervals into which we consider the spectr:m between
uq and uy.

A basic assumption is that the altempt frequency of
slip v{(u) is given by the Arrhenius rate =quation:

&

v(u) = v, exp(-u/kT), u, <u <€v

D )

2 (

where u is the barrier height. Here,v_. 215 on atomic
vibrational frequenrcy of thz order of 1072 per second.
k is Boltzmann's constanrt and T the absolute tempera-
ture.

If sliv has been activated at a certain coint in the
material, i.e. a barrier has been overcome, a contri-
bution to the overall shear is wade by the asscciated
extension of the local slip-patch and tne next bavrier
to be encountered by tho same cpreading slip-zone will
be either higher or lower by an average amount 3Su. The
magnitude of fu is determined by the amplitude of the
internal stress field, and by the physical naturz of
the barriers.

It is reasonable to allow for an equal probability of
slip following an activated jump of a patch, to occur
so that the next barrier encountered by the patch is
either higher or lower than the previous one, and con-
siderations analogous to those familiar from the deri-
vation of equations of diffusion then yield, on
writing n for n (u,t) for the continuity eguation of
the process:
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/3t = D 9°[n exp(~u/kT) 1/ du’ (2)
D = % vD(duz)

For low temperatures an approwriace solution of Eg. 2 is:
v

n(u,t) oc p - exp(-p) (3)

with p = exp(u/kT)/v (t+to)

D

where t_ is a "structure-sensitive" coastant of
integration

If the passage of a slip patch through the element of dimen-
sions L (Fig. 10 displaces the pvart above the slip plane over
the plane below by an amount b, then the resulting shear is
b/L. If a slip unit does not traverse the whole element but
advances only a certain distance on activatiocn under the
influence of the local stress field, then the shear strain
will be:

8y = (%) '<%;) (4)

where A* is the arca swept over by the patch in jumping
to the next barvier.

If slip has becn activated at a certain point, the contribu-
tion to the overall shear is given by Eq. 4, so if there are
n du points per unit volume and unit of eneray, where the
barrier height is u, then in a cube of side L, the contribu-
tion 8y due to slip of all u-units is:

A*
) o su (5)
12 .

oo

Sy, = [n(u,t)L3] (




TIME EFFECTS ON THE STRESS/STRAIN PROPERTIES
OF CLAY CONSOLIDATED IN THE LABORATORY

Fig. 11. Soil element with internal displacement produced
by a slip. T is the shear stress.

If the attempt fregquency at all such points is vDe"u/k‘ per
second, then the contributicn by the u~interval to the
strain rate is:

§% = thA*n(u,t) exp (~u/kT)6u (6)

"I1f each activated jump makes the same, average, contribution
to the bulk shear strain of the specimen, then the creep
rate in shear will be:

u

= beA* |
u

e"WKT. L4, t) du (7)

e

1
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The model is thus seen to be compatible with the processes
illustrated in Fig. 9, i.e. the lower ecnd of the eneray
spectrum may relate mainly to the deformation of the domains,
while higher barriers will be associated with more riaid
components oI the structare and, largely, control the creep
rate at later stages of the process.

On using Egq. 3 in Eq. 7 one has (VELTHAM, 1973):

1

foc (t+to)' (8)

which is in fact a ccmmonly observed relationship, t  usually
: - : o
being very small (cf. Fig. 12),

An illustration of the successive shift of the zpectrum to
higher barriers in the course of the creep is given by Fig. 13.
It shows the result of a preliminary computer calculaticn
using the simpiified assumptions of n{u) = constant for t = O,
and allowing for no inflow of new slip units from heyond the
low u-end of the spectrum.

An approximate e2stimate of the magnitude of the activation
energies involved can be obtained by considering Eg. 1. A
reascnable value of the jump rates v(u) to lead tc observakle
creep would be of the order of 1s~! which yields u~ (.6 eV
(PUSCH & FELTHAM, 1980). Such an activation energy indeed
suggests that water is largely involved in creep at crdinary
temperatures and that the hardening mechanisms at least vartly
comprise water lattice re-formation.
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Creep rate versus Lime aiter the onset of the creep.
Upper picture: Thecoretical relationship showed by the
broken curve; the f-expression on the vertical axis
being cquivalent to &. The straight line represents
Eq. (8) with t_=0. Lower picture: Two representative
creep curves (undrained conditions) of Swedish illi-
tic clays.
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EXPERIMENTAL
Object

The strengthening resulting from a net shift of the cnecigy
barrier spectrum to higher values, is naturally manifested

by an increased stiffness. [ it is produced by the healing
processes, which lead to a retarded strain rate in the course
of undrained creep, it should also be observed as a succesi-
vely increased shear modulus. The same healing takes place
in structurally disturbed clay which is left to rest under
undrained conditions, and it should therefore be obscrved as
an increase of the tangent modulus of any clay which is first
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structurally broken down to yvield a high frequency of slip
urrits, and then alliowed to rest under drsined conditions

an practically constant volume for various periods ol Lime
refore shoearing. The nain reason for the expected time offect
would L : the succouoive regroouping of small particles, which
becana froc to move o tne giructural breaxkdow:, and the re-
establishment of walor latiices.

The structural broandowrn o precf-rably produced by isctropic
consolidation sinee this attreeisg the entire sample, -hilc
shearing may reault in incod rones of structural disrturhance
only. The porioa of rest oot take nloece under drained
conditions and with the ¢ o =i}l on, since this woulld

yield strengchening associtod with a considerable reduction
in voluine, Nor can the cannie he 1cft to rest under undrajined
conditicns since thic wovrla lead to a cuccessive lowering
cf the pore pressurc and thus to an incveased effective atr
It was therefore decided to lcot the sample :est at a largely
reduced pressurce under drained conditions. A nei incressc of
the tangent modulus would then reflect the surengulizning
produced by particle regrouping and water lattice re-icrmacion.
It was anticipated that levace swelling might eventually lend
to a reduced continuity of the structural network and this to
a Gecreased strength and tangent modulus. Tne initial stace
of rest would probably not be very much affected by swelling,
howaver, and this wos also confirmed by the study.

(~)

Test program

A few samplecs of each of three fine-grained soils, ocne
artaficial and two natural clays, werc isotropically consoli-
dated in triaxial cells. The cell pressure, corrcsgonding to
twice the preconsolidation pressare or wore, was apnl-.e
one increment and the velum: decreasce was measured sc 2s to
assure that the taimec of compression covered a sufficient psrt
oif the primary congsolidation to achicve large structural
disturbances. Tle cell pressurce was raduced 1o a small frac-
tion of its original value and the samples werc then allowed
tc rest for various periods of time under drained conditiens.
The resulting swelling was determined by measuring the water
uptake by means of burettes. To prevent biological activity
the cells were kejt in a cold chamber at 7°9C thrcughcut the
storing.

’L
-
o3

The essential parameter, the tangent medulus, was deteormined
by shearing the samples under undrained conditions at a
constant axial strain rate of 0.6 $ pcr hour. The stress/
strain data were rocorded by a data log systen and curves

sSs.
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depictinag the deviator stress as a function of the axiai

strain were plotted to provide graphical deteraination of
the tangent nodulus. Transducers were used to record tie

pore pressurc.

Clavy materiats

The artificial clay was preparad from a natural ciay Jdcposgsit
in Heby, 100 km NW ot Stockholm.*It has a minus 2 um conteat
of approximately 407, Its liguid and plastic limits are
approximacely 40 and 18%, respeoctively. Alr-dry clay powder
ves addad to 35 o/vo NaCl solution to vield a thick sluariy
which was ccnvo]idutﬂd under & constant vressure of 130 kra
for several weeks in cordinary 50 mm sampling tubes of plastiic
(Firr. 145, ‘hls relatively lony period of rest was cshosen ©o

i te

Loy '?“""“**m S

[
H ’
oo e EEENE

1
]
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| Fig. 14. Box with plastic
' tubes containing
| i the artificiai
! l slurry, Flastin
. plugs with filter
stonecs and steel
cylinders to give
the reguired
pressure extwend
‘ from the tubes.
b B Notice the rdial
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ing the compress-
ion. {The device
k vas designed by
Lo 3 BORGESSON, Div.
. 3 cf Soil Mechanics,
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allow for completec pore pressurc dissipation of the 120 mm
long sediment cores and for the development of some natural
microstructural features, such as the formaticn cof links of
small particles between aggregates and larger grains.

Such a structural pattern is typical of the twe ratural <lays,
the one from Ska-Ldeby being represcentative of very fine-
grained, late-glacial sediments deposited in frash cor brackish
water, and the clav from Lilla Edet keing a typical marine
sediment from the G&ta river valley.

The main mineralogical data of the minus 10 .m fractions of

the three clays are given in Table 1. Geotechnical dave are
collected in Table 2.

Takle 1. Dominant minerals of the minus 70 um frections.

&
Clay I chl K 0 F H C S
Artificial ++ - + + (+) + {+) +
Sk&-Edeby  +++ + + + + - + (+)
Lilla Edet +++ (+) + ++ + + - -
I = Tllite K = Kaolinite F = Feldspars
Chl = Chrlorite 0 = Quartz H = Heavy minerals
C = Calcite S = Emectite
+++ Dominant + Moderately abundant - Absent
++ Abundant (+) Slight amount

Table 2. Geotechnical data

1: Y IR 2) 43) e ssure

Clay o 5 W Wp W T 8L 1 9 Precons. pressare
t/m 3 2 % kpa % % KkPa i

Arti-

ficial 1.86-1.90 34.8-36.3 19 40 - - 40 1 100

Ska-

Edeby 1.48 96-108 29 98 8.5 13 77 0.5 35

Lilla

Edet 1.59 69-75 27 46 15 155 76 1 75

1)Swedish cone penetration test 2) Clay content 3§ Organic content
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Performance and results

Four artificially produced clay samples were isotropically
concolidated in triaxial cells under a pressure of 200 kPa
(Fig. 15%;. The ccnsolidation was found to require 1 week
before thc pore pressure had dissipated. All the sanmples
were then left to rest under drained conditions and an
isotrecpic, total pressure of 25 kPa, which produced swelling
and water uptake. The swelling, which amounted to 2.5% at
maxjmuni, continued throughout the period of rest. The time
of rest was 1, 10, 30, and 120 days, respectivcly, and the
samples were then sheared,.

The shearing yielded stress/strain curves of the type shown
in Fig., 16. In all the tests the pore water pressure in-
creased to approximately 5 kPa at 1% axial strain and tllen
dropped to zero at approximately 5% axial strain.

The strain at maximum deviator stress was clearly related
to the time of rest, indicating & rest-induced stiffening.
Also,the tangent modulus E = 3(01-03)/9¢1, where €1 denotes
axial strain, increased with the time of rest as shown by
Table 3, the values referring to the shear stress

™= 1/2 (01-03)= 15 kPa.

T~ble 3. Tangent modulus of the artificial clay as a
function of the time of rest

Time of rest, Tax E,
days wPa MPa
1 46.5 6.7
10 45.5 7.0
30 44.6 8.9
120 42.8 9.5

[N
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15. Volumetric compression versus time of the

artificial clay for v = 200 kPa.
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Fig. 16. Typical stress/strain plots of the artificial
clay.
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The slight reduction of thc¢ shear strength with the time of
rest is related to the water uptake ana associated swelling,
which affects the continuity of :the microstructural network.
The water uptake is illustrated by Table 4 which chows the
water contents of the shearced samples.

Table 4. Water content of sheared artificial samples. Thegse
were divided inte (9 parts to check the uniformaity
of the water distriklbiion.

Time W, % w_. .
of rest, average
days w, W, wa A we We MH. w3 Wo i
1 28.05 27.77 28.34 28,47 z8.31 28.17 27.78 27.99 ~ 28.1
10 28.78 28.64 28.98 29.14 29,14 2¢.16 28.93 28.72 29.03 29.0
30 28.49 29.21 29.15 29.40 29.39 28.86 - -~ - 29.1
120 28.95 29.04 29.33 29.37 25.40 29.09 28.3%4 £9.38 - 29.2

The very slight variation cf the water content of each sheared
sample illustrates the high dcgree of unifeormity obtained by
the applied preparatior techniqgue.

e - - - -t - - .

Four samples from 5 m depth at Ské-Edeby were consolidated
for 10 days under a pressure of 1606 kPa, the volumetric
conpression keing approximatcely 25%. The samples were then
left to rest under drained conditions and an isctropic, total
pressure of 25 kPa, which produced swelling and water uptake.
The time cf rest was 1, 10, 30 and 100 days respectively, and
the samples were then sheared.

A typical set of stress/strain curves is shown in Fig. 17.
In these tests the pore water pressure increased to approxi-
mately 12 kPa at 3% axial strain and droovped successively at

larger strain. It approached 2 kPa at an axial compression of
12%.
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As in the case of the artificial clay, the tangent modulus
increased with the time of reast as shown by Table 5, the 1
values referring to the shear stress 1= 1/2(c1-03)= 8 hFa.

Similarly, the shear strength was found to drop successively.

Takle 5. Tangent modulus of Ska-Edeby clay as a function
of the :ime of rest

Time of rest, Trax ES
days ¥Pa MPa
1 31.7 3.7
10 30.4 4.3 q
30 28.5 4.5
106 2/.5 4.2

The Ska-Edeby test results indeed illustrate the difficulty

of usiny natural soils in systematic testing of soil proper-
ties. Thus, the sample which had rested for 100 days, cer-
tainly represents a discrepancy. While the ertificial clay
samples were sufficiently egual to permit a direct comparison
of their tangent moduli, this is not the casc for the Ski-Zdeby
samples as illustrated by Table 6, which shows the water
content of the sheared samples.

Table 6. Water content of sheared Ska-Ldeby samples. These
were divided into 5-8 parts to check the uniformity
of the water distiibution.

Time w, % v
of rest, average
davs Wy W, Wy Wy, Wg  We o W, Wg %
1 66.4 62.2 66.6 73.8 61.1 - - - 56.R
10 62.3 62.2 61.2 65.0 62.0 - - - 63.0
30 - - - - - - - - 66.2 i

66.6 69.4 71.6 71.3 73.1 73.1 75.1 72.6 71.6
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Fig. 17. Typical stress/strain plots of the Sk&~Edeby clay.
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A safe interpretation should involve the samples which had
ested for 1 cday and 30 days, respectively, since they had
practically the same watcer contont. If these wwo sauples arz
cevpared, we observe the same tendency as indicated by Table
3. As concerns the sampic which rested for 100 days it is
concludaed thav the relatively high water content erwplains

the unexpectedly low tangent modulus.

Lilla Idet clay
Three sumples from approximately 10 m depth at Jilla Edet
were consolidated for 1 day under a pressurc cf 150 kPa, tLhe
volumetric compression being 15-202. The samples were then
left to rest under drained conditions and an igotropic, total
pressure of 20 kPa, which produced swolline and wetcr uptake.
The swelling amounted to 3-3.5%.

The time of rest was 1, 4, and 34 days; respectivels, and the
samples were then sheared.

The stress/strain curves showed a marked shape change when
the time of rest increaged. It is illustrated by Fig. 18,

which also confirms that the most obvious tangent modulus

growth is observed for low deviator stresses.

12 ” 1T !
10 -
Vg T={12Tmm
o & >
.l
E )///V/
- 6 — -]
il —"
] ’ !
4 — i T=904 Trax ;
- — 1T
2 - ﬂr__*_,4~—*”’4 L T=0.6 Tmax
- e ki
b —2 i e | T=0.8Tmax
0 e
10 50 100 500 1000
t, hours

Fig. 18. The tangent modulus as a function of the time of
rest for the Lilla Edet soil. 1) 1=0.02 T1pax, 2)
t=0.04 Tmax, 3) T=0.06 Tmax, 4) T=0.08 Tmax.

»
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} The time-dependence of the tangent modulus shows the same
trend as that of Table 3 but again, we have to censider the
actual differences with referonce to the water content

{cf. Table 7) to be able to draw safe conclugions. The very
similar watcv contonts ol the samples which had rested fev

4 and 34 days, respoectively, justify the conclusior that the
tangent modulus increases considerably with the time of rest.
; The relatively low water content of the sample which Lhad rest-
ed for one day only, should suggest o rather high tangent
modulus, but the fact that the.,actual value was the lowest
recorded, indicates that the time of rest larygely determinnes
the growth of this modulus.

Table 7. Water conteant of natural (wn) and consclidated
(wc) samples.

Time of rest, Y A
n c 5
cdays % %
: 1 68.7 56.4
f 4 77.8 63.6
E 34 74.0 62.4

DISCUSSICN AND CONCLUSICNS

: It follows from all the tests that stiffening is piroduced in

5 clays which rest urnder practicaliy constant volume conditions

? after structural disturbance. This means that the eneray spec-

trum shifts to higher barriecr values and, thus, that successive

i strengthening of the clay/water nstwork takes place. Tt is a

' matter of thixotropic strength regain which is produced in any
clay sediment or laboratory sample which is allowed to rest
aftar structural distu bance.

: Th=2 stiffcening must be related to a successive change of the
5 number, type or prop~rties of the particle bonds and it secms
[ reasonable to assume that the nicrostructural rearrangement
suggested in Fig. 9. is responsible for the strengthening.

If we consider the conditions in nature, where secondary con-
solidation is associated with a reduction in volume in con-
trast with the laboratory test conditions, there is a net in-
crease in peak shear strength as well. The origin of the re-
. serve strength and brittle beheovior obscrved by BERRE &

j BJERRUM is then rcadily explain-d by the TicrostrucLural pro-
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cesses outlined here. Overconsolidation would logically he
very common in clay scdiments althouagh it may be too weak in
fresh depcsits to be casily dctermined.
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